Across animal taxa, seminal proteins are important regulators of female reproductive physiology and behavior. However, little is understood about the physiological or molecular mechanisms by which seminal proteins effect these changes. To investigate this topic, we studied the increase in Drosophila melanogaster ovulation behavior induced by mating. Ovulation requires octopamine (OA) signaling from the central nervous system to coordinate an egg's release from the ovary and its passage into the oviduct. The seminal protein ovulin increases ovulation rates after mating. We tested whether ovulin acts through OA to increase ovulation behavior. Increasing OA neuronal excitability compensated for a lack of ovulin received during mating. Moreover, we identified a mating-dependent relaxation of oviduct musculature, for which ovulin is a necessary and sufficient male contribution. We report further that oviduct muscle relaxation can be induced by activating OA neurons, requires normal metabolic production of OA, and reflects ovulin's increasing of OA neuronal signaling. Finally, we showed that as a result of ovulin exposure, there is subsequent growth of OA synaptic sites at the oviduct, demonstrating that seminal proteins can contribute to synaptic plasticity. Together, these results demonstrate that ovulin increases ovulation through OA neuronal signaling and, by extension, that seminal proteins can alter reproductive physiology by modulating known female pathways regulating reproduction. In Drosophila melanogaster, the suite of seminal proteins has been identified, as have many seminal protein-dependent postmating responses, including changes in egg production and laying, remating behavior, locomotion, feeding, and in ovulation rate (reviewed in refs. 2 and 3). For example, the Drosophila seminal protein ovulin elevates ovulation rate to maximal levels during the 24 h following mating (4, 5), and the seminal protein sex peptide (SP) suppresses female mating receptivity and increases egg-laying behavior for several days after mating (6-10). However, although a receptor for SP has been identified (11), along with elements of the neural circuit in which it is required (12-14), SP's mechanism of action has not yet been linked to regulatory networks known to control postmating behaviors. Thus, a crucial question remains: how do male-derived seminal proteins interact with regulatory networks in females to trigger postmating responses?
Across animal taxa, seminal proteins are important regulators of female reproductive physiology and behavior. However, little is understood about the physiological or molecular mechanisms by which seminal proteins effect these changes. To investigate this topic, we studied the increase in Drosophila melanogaster ovulation behavior induced by mating. Ovulation requires octopamine (OA) signaling from the central nervous system to coordinate an egg's release from the ovary and its passage into the oviduct. The seminal protein ovulin increases ovulation rates after mating. We tested whether ovulin acts through OA to increase ovulation behavior. Increasing OA neuronal excitability compensated for a lack of ovulin received during mating. Moreover, we identified a mating-dependent relaxation of oviduct musculature, for which ovulin is a necessary and sufficient male contribution. We report further that oviduct muscle relaxation can be induced by activating OA neurons, requires normal metabolic production of OA, and reflects ovulin's increasing of OA neuronal signaling. Finally, we showed that as a result of ovulin exposure, there is subsequent growth of OA synaptic sites at the oviduct, demonstrating that seminal proteins can contribute to synaptic plasticity. Together, these results demonstrate that ovulin increases ovulation through OA neuronal signaling and, by extension, that seminal proteins can alter reproductive physiology by modulating known female pathways regulating reproduction. T hroughout internally fertilizing animals, seminal proteins play important roles in regulating female fertility by altering female physiology and, in some cases, behavior after mating (reviewed in refs. [1] [2] [3] . Despite this, little is understood about the physiological mechanisms by which seminal proteins induce postmating changes and how their actions are linked with known networks regulating female reproductive physiology.
In Drosophila melanogaster, the suite of seminal proteins has been identified, as have many seminal protein-dependent postmating responses, including changes in egg production and laying, remating behavior, locomotion, feeding, and in ovulation rate (reviewed in refs. 2 and 3). For example, the Drosophila seminal protein ovulin elevates ovulation rate to maximal levels during the 24 h following mating (4, 5) , and the seminal protein sex peptide (SP) suppresses female mating receptivity and increases egg-laying behavior for several days after mating (6) (7) (8) (9) (10) . However, although a receptor for SP has been identified (11) , along with elements of the neural circuit in which it is required (12) (13) (14) , SP's mechanism of action has not yet been linked to regulatory networks known to control postmating behaviors. Thus, a crucial question remains: how do male-derived seminal proteins interact with regulatory networks in females to trigger postmating responses?
We addressed this question by examining the stimulation of Drosophila ovulation by the seminal protein ovulin. In insects, ovulation, defined here as the release of an egg from the ovary to the uterus, is among the best understood reproductive processes in terms of its physiology and neurogenetics (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . In D. melanogaster, ovulation requires input from neurons in the abdominal ganglia that release the catecholaminergic neuromodulators octopamine (OA) and tyramine (17, 18, 28) . Drosophila ovulation also requires an OA receptor, OA receptor in mushroom bodies (OAMB) (19, 20) . Moreover, it has been proposed that OA may integrate extrinsic factors to regulate ovulation rates (17) . Noradrenaline, the vertebrate structural and functional equivalent to OA (29, 30) , is important for mammalian ovulation, and its dysregulation has been associated with ovulation disorders (31) (32) (33) (34) (35) (36) (37) (38) . In this paper we investigate the role of neurons that release OA and tyramine in ovulin's action. For simplicity, we refer to these neurons as "OA neurons" to reflect the well-established role of OA in ovulation behavior (16) (17) (18) (19) (20) 22) .
We investigated how action of the seminal protein ovulin relates to the conserved canonical neuromodulatory pathway that regulates ovulation physiology (39) (40) (41) . We found that ovulin increases ovulation and egg laying through OA neuronal signaling. We also found that ovulin relaxes oviduct muscle tonus, a postmating process that is also mediated by OA neuronal signaling. Finally, subsequent to these effects we detected an ovulindependent increase in synaptic sites between OA motor neurons and oviduct muscle, suggesting that ovulin's stimulation of OA neurons could have increased their synaptic activity. These results suggest that ovulin affects ovulation by manipulating the gain of a neuromodulatory pathway regulating ovulation physiology.
Results and Discussion
Ovulin Affects Ovulation Rate Through OA Neuronal Signaling. To investigate whether ovulin acts through neurons that release OA, we tested whether ectopically increasing the activity of those neurons could rescue the ovulation defect that is observed when females are mated to males without ovulin (5). We measured this phenotype by examining the number of eggs in the lateral oviducts 3 h after the start of mating ( Fig. 1 A-C) ; at this early time, ovulation rate can still be measured without being confounded by Significance This paper shows how a male-provided seminal protein triggers postmating behavioral changes in that male's mate. Specifically, it shows that the Drosophila seminal protein ovulin induces females to ovulate by stimulating females' octopaminergic signaling. This is significant in revealing how a male signal connects to and modulates female physiology to enhance the reproductive capacity of both parties. That this particular seminal protein acts as an upstream regulator of a preexisting physiological pathway in the female also provides a mechanism for how rapidly evolving reproductive proteins (such as ovulin) can effect changes in reproductive behaviors even though conserved signaling systems (such as octopamine) mediate those changes.
the influence of increased postmating oogenesis (5) . If ovulin acts through OA neuronal signaling, females with ectopically hyperactive OA neurons should not show an ovulin-dependent increase in ovulation behavior. If ovulin acts independent or downstream of OA neuronal signaling, females with hyperactive OA neurons should still require ovulin for their postmating increase in ovulation rate. We used the tdc2-GAL4 driver (21) to express a dominant-negative ether-a-gogo potassium channel subunit (UAS-eag DN ) (42) in OA neurons [loss of function of eag is known to induce increased neuronal activity (43, 44) ].
As expected (5), control tdc2-GAL4 females had significantly more eggs in their lateral oviducts after mating with control males compared with mates of ovulin-deficient males (Fig. 1D) ; as expected, this increased ovulation also affected egg-laying rate (Fig. S1 ). However, tdc2-GAL4/UAS-eag DN experimental females, which would have elevated activity of OA neurons, showed no difference in postmating ovulation rate regardless of whether or not they received ovulin from their mates (Fig. 1D) . These results indicate that increasing OA neuronal activity in females compensates for a lack of ovulin received during mating. Thus, ovulin acts through OA neuronal signaling.
We did not detect a difference in ovulation rates between control females and females with elevated OA neuronal activity after either type of female had mated to control males (Fig. 1D ). This suggests that the normal increase in a Drosophila female's ovulation rate after mating reflects OA neurons' maximal possible contribution to ovulation rate. In this scenario, ovulin's role would be to increase ovulation to OA neuron's maximal contribution. Although here we focus on the principal known ovulation regulator, OA, it is likely that other signaling factors could further increase ovulation (16, 23, 45) and that variation among the females could also result in differences in timing for the initiation of ovulation; all of these factors may dynamically control ovulation rates after mating. Consistent with this idea, many females in our experiments did not show the maximum possible number of eggs in their lateral oviducts (Fig. S2) .
We used the tdc2-GAL4 driver to manipulate neurons that produce and release OA because tdc2-GAL4 expression strongly overlaps with immunoreactivity for OA (46) and for TβH, the metabolic enzyme producing OA (21) . These neurons also produce the OA metabolic precursor, tyramine, which can also affect behaviors (16, (47) (48) (49) . Although we have shown that ovulin acts through OA neuronal signaling, we cannot exclude the possibility that ovulin might act through tyramine signaling in OA neurons. However, given the documented role of OA and the OA receptor OAMB in Drosophila ovulation (17-20, 22, 23) , OA signaling is the most likely pathway for ovulin's action via OA neurons.
Ovulin Relaxes Oviduct Musculature. OA increases ovarian muscle contractions (22) , while blocking contractions of oviduct musculature in Drosophila (23) and other insects (15, 50) . This effect of OA is proposed to facilitate ovulation of an egg from the ovary into the relaxed oviduct (Fig. 1A) (16, 17, 22) . Because ovulin stimulates ovulation, we wished to determine whether ovulin contributes to the relaxation of the oviduct that occurs after mating. Ovulin could relax oviduct musculature either through decreasing rates or amplitudes of phasic muscle contraction twitches, or it could induce a more basally relaxed state by modulating muscle tonus. Because OA blocks contractions of the oviduct (23), we reasoned that ovulin's action on the oviduct might be observable by examining muscle tonus.
We assayed oviduct muscle tonus by measuring the average sarcomere length of oviduct myofibrils. To do this, we used females expressing Myosin heavy-chain fused to GFP [MHC-GFP (51)]. In these flies, GFP labels the A band of the sarcomere units (22, 52) . Thus, the distance between each GFP band represents the sarcomere length ( Fig. 2A ). We measured sarcomere lengths in these females after mating to control or ovulindeficient males and in virgin females. Although ovulin's most direct effect is to increase the release of an egg from the ovary to the lateral oviduct, it was not possible to obtain reliable measurements of sarcomere length in lateral oviducts, because sarcomere lengths varied along the length and circumference of the lateral oviduct. Therefore, we measured myofibril sarcomere lengths at the adjacent upper (anterior) common oviduct (Figs. 1B and 2 A, i), where it is possible to reproducibly measure from a standardized position in the reproductive tract across individuals.
We observed a significant increase in oviduct muscle sarcomere length between virgin females and control-mated females at 1.5 h after the start of mating (P < 0.05; Fig. 2 A and B), indicating that the oviduct relaxes after mating. We then tested whether ovulin contributes to this relaxation by measuring the sarcomere lengths of females mated to ovulin-null males. Sarcomere lengths of ovulin-null-mated females were significantly shorter than those of wild type-mated females (P < 0.05; Fig. 2 A and B) and were indistinguishable from those of virgin females (P = 0.934). These data suggest that ovulin is necessary for the postmating relaxation of oviduct musculature.
We then assayed whether ovulin is sufficient to increase oviduct sarcomere lengths in females, in the absence of anything else male-derived. We generated virgin females that could ectopically express ovulin (which is normally a male-expressed gene; UASovulin) under control of a heat shock promoter (hs-GAL4) and control females that could not (they only carried hs-GAL4). We subjected both types of females to heat shock to induce ovulin expression in experimental females and then measured oviduct sarcomere lengths. Females that ectopically expressed ovulin showed significantly increased sarcomere lengths compared with control females (P < 0.005; Fig. 2C ).
These results indicate that although male-derived ovulin is necessary for maximal ovulation and is sufficient to increase ovulation rates (5, 53) , ovulin is also a necessary and sufficient male contribution for relaxing the oviduct musculature ( Fig. 2 B and C). This suggests that ovulin's relaxation of oviduct musculature underlies its role in increasing ovulation rate.
Because OA is critical for proper ovulation (17, 18) and blocks oviduct muscle contraction (23) and because ovulin works through (53), whereas the upper common oviduct (green) was the area of focus for muscle tonus and synaptic development studies (Figs. 2 and 3 ). (C) Sequence of ovulation events following mating. Shortly after mating, ovulation and egg-laying rates remain low. At ∼1.5 h after the start of mating, ovulation rate increases. At ∼3 h after the start of mating, egg-laying rate increases (5) . (D) Number of eggs observed in lateral oviducts at 3 h after the start of mating. In control females (tdc2-GAL4/+), ovulation rates of females are higher after mating to males that transfer ovulin (+) compared with males that do not transfer ovulin (−) (P < 0.05, both Wilcoxon rank-sum and ordinal logistic regression). In OA hyperactive neuron females (tdc2-GAL4/ UAS-eag DN ), there was no difference between females that received ovulin and those that did not (P = 0.921). Sample sizes are indicated within bars in D. *P < 0.05. Mean ± SE.
OA neuronal signaling (Fig. 1D) , our results above suggested that OA might also be required for postmating oviduct muscle relaxation. We tested this hypothesis by examining oviduct sarcomere lengths in tbh M18 mutant females, which are unable to produce OA and instead accumulate tyramine (18) . In tbh M18 heterozygous control females that also carried the MHC-GFP construct, we detected a mating-dependent increase in sarcomere length (Fig.  2D) , like that seen with wild-type females (Fig. 2B) . However, in tbh M18 homozygous females, there was no detectable matingdependent increase in sarcomere length (P = 0.31; Fig. 2D ). To determine whether tbh M18 homozygous females do not exhibit an increase in sarcomere length after mating because they lack OA, we fed tbh M18 homozygous females OA at 7.5 mg/mL (Materials and Methods) and subsequently measured sarcomere lengths of virgin and mated females. After tbh M18 homozygous females were fed OA, there was an increase in sarcomere length in females mated to wild-type males compared with virgin controls ( Fig. 2D ; P < 0.01). Although other signaling molecules (i.e., tyramine and glutamate) likely also play a role in oviduct muscle contraction, this result indicates that OA plays a critical role in the postmating increase in oviduct sarcomere length.
To determine if oviduct sarcomere lengths depend on OA neuronal activity, we used thermally activated TrpA channels (UAS-TrpA) under control of tdc2-GAL4 to conditionally increase activity of OA neurons (54, 55) . At the nonactivating temperature of 22°C, we saw no difference in sarcomere lengths between control virgin females that carried only the tdc2-GAL4 construct vs. experimental virgin females that carried tdc2-GAL4 and UAS-TrpA (Fig. 2E) . However, at the TrpA-activating temperature of 32°C, the experimental virgin females that carried both constructs had longer oviduct sarcomere lengths than control females (P < 0.05). These data indicate that increasing the activity of OA neurons induces relaxation of oviduct muscle.
Our results suggested that ovulin increases OA neuronal activity to increase ovulation rates (Fig. 1C) and that such increased activity induces a relaxation of oviduct muscle. To test this directly, we used the UAS-eag DN transgene to determine whether ovulin affects oviduct sarcomere length through OA neuronal signaling. We applied the same experimental design as in Fig. 1D but measured oviduct sarcomere lengths instead of egg numbers. We observed a significant difference between tdc2-GAL4/+ control females when they were mated to males with (+) or without (−) ovulin ( Fig. 2F ; P < 0.05). There was no significant difference in oviduct sarcomere length between experimental tdc2-GAL4/UAS-eag DN females that did or did not receive ovulin from their mates ( Fig. 2F ; P = 0.385). This indicates that ectopically increasing OA neuronal activity can compensate for a lack of ovulin. Taken together, our data indicate that ovulin increases oviduct sarcomere length through OA neuronal signaling and support the model that ovulin works through OA neurons to maximize ovulation rates.
To confirm whether increased oviduct sarcomere lengths confer an increased ability to accommodate an egg ovulated from the ovary, we measured the circumference of oviduct musculature through 3D reconstruction of the datasets used to determine sarcomere lengths, using a subset of control females (tbh M18 heterozygotes) (SI Materials and Methods and Fig. S3A ). Sarcomere length and musculature circumference showed a significant, positive, and linear relationship (R 2 = 0.89, P < 0.005; Fig. S3B ), suggesting that increased sarcomere lengths also indicate an increase in oviduct circumference and therefore an increased ability to accommodate an egg. Further, mating resulted in a 19.4% increase in sarcomere length (comparing virgins and females mated to control males; Fig. 2B ), which corresponds to a 42.6% increase of oviduct cross-sectional area, reflecting a sizable increase in the oviduct's activity to accommodate an egg after mating.
Ovulin Induces a Delayed Increase in OA Synaptic Development. By 6 h after mating, increased synaptic development is detected for axons with type II boutons at the female reproductive tract (56) . Type II synaptic boutons characterize OA neuronal release sites (22, 57) , and Kapelnikov et al. (56) reported an increased number of axonal boutons, anatomical swellings indicative of neurotransmitter release sites, in these synapses by 6 h postmating. An increase in synaptic bouton number is often attributed to increased activity at that synapse (44), a form of synaptic plasticity whereby a heavily used synapse grows to meet signaling demands. Because our results suggest that ovulin increases OA neuronal signaling (Fig. 1D ) and because type II synaptic boutons characterize OA neuronal release sites, we tested whether ovulin could increase the synaptic development of OA neuronalreproductive tract neuromuscular junctions (NMJs) after mating. We assessed this by labeling OA neurons with GFP (w; tdc2-GAL4, UAS-mCD8::GFP; Fig. 3A ) and counting synaptic boutons at OA neuronal termini at the common oviduct after the start of mating (56) .
Because it can take ∼2 h for changes in bouton number to become visible after neuronal stimulation (58), even though ovulin's effects on ovulation behavior are detectable by 1.5 h Fig. 1B (green). (A, ii) Representative images of single myofibrils among three female groups: female mated to ovulin-control male, female mated to ovulin-null male, and virgin female. (Scale bar: 2.5 μm.) (B) Oviduct sarcomere lengths for the three female groups shown in A, ii. Sarcomere lengths from females mated to wild-type controls were significantly longer than those of virgin females or females mated to ovulin-null males; the latter were not significantly different from each other. (C) Ectopic expression of ovulin through heat shock induces increased oviduct sarcomere length. Both groups were exposed to heat shock conditions (HS+). (D) Sarcomere lengths for tbh M18 heterozygous control females and tbh M18 homozygous females as virgins (v) or after mating (m). Heterozygous females have an FM7i balancer chromosome carrying a wild-type tbh allele. The pair of virgin and mated females labeled +OA were fed 7.5 mg/mL of OA. (E) Thermal activation of OA neurons. At 22°C, OA is unaffected by TrpA, and no difference is detectable between control and experimental genotypes. At 32°C, OA neurons are activated by TrpA, and experimental females exhibit longer sarcomere lengths than control females. (F) Female oviduct sarcomere length is regulated by male ovulin and female OA neuronal signaling. In control females (tdc2-GAL4/+), oviduct sarcomere lengths of females are longer after mating to males that transfer ovulin (+) than after mating to males that do not transfer ovulin (−) (P < 0.05). In females whose OA neurons are hyperactive (tdc2-GAL4/UAS-eag DN ), there was no difference in oviduct sarcomere length between females that received ovulin (+) and those that did not (−) (P = 0.385); this is consistent with the ovulation rate phenotype of these females, as shown in Fig. 1D . *P < 0.05, **P < 0.01, and ***P < 0.005. Sample sizes are indicated within bars. Mean ± SE.
after the start of mating, we initially chose 6 h postmating (as in ref. 56 ) to examine ovulin effects on bouton numbers (Fig. 3 B and C). At this time point, we detected a significant increase in the number of GFP-labeled boutons between unmated females and females mated to control males (P < 0.05; Fig. 3C ), suggesting that the type II boutons whose increase was reported by Kapelnikov et al. (56) are in fact from OA neurons. To determine whether ovulin affected the bouton number, we compared the number of OA neuron boutons in females mated to control vs. ovulin-null males, at 6 h after the start of mating. We observed that females that had mated to ovulin-null males had significantly fewer GFP-labeled boutons than females mated to control males (P < 0.05; Fig. 3C ). Indeed, the numbers of GFPlabeled boutons in females that had mated to ovulin-null males were not significantly different from virgin females (P = 0.95; Fig. 3C ). These results support our conclusion that ovulin acts to up-regulate OA neuronal signaling (Figs. 1D and 2F) .
We then wondered whether the increase in the number of boutons might be evident at 1.5 h after the start of mating, when ovulin's function is detectable. We reasoned that if ovulin induces the increase in synaptic boutons indirectly, i.e., by increasing activity of OA neurons, this process would involve biochemical transduction of increased activity; contributions from retrograde signaling; signal transduction of those signals; and finally mobilization of scaffolding, cell adhesion, and vesicle release machinery. Therefore, fully developed boutons would likely not be evident at 1.5 h after the start of mating, before the ∼2 h time window previously reported for the visible appearance of type II boutons (58) . However, if ovulin directly affects cell-signaling or protein-mobilization pathways within OA neurons to induce an increase in bouton numbers, the process referred to above would not be required, and the ovulin-dependent increase in bouton counts might be visible at this early time point. We did not detect any differences in the number of GFP-labeled boutons between unmated females and females mated to control males at 1.5 h after the start of mating ( Fig. 3B ; P = 0.720). Thus, neither mating nor any seminal protein (including ovulin) causes a detectable increase in bouton counts this early after mating. Because there is an ovulin-dependent increase in bouton number but it is only evident at a later time point, the increase in OA bouton number likely represents synaptic plasticity as an indirect response to ovulin-induced increase in OA neuronal activity, rather than a causative effect of ovulin directly on OA synaptic boutons. Our data cannot distinguish whether the increased bouton number is the consequence of a direct effect of ovulin on OA neurons that leads to the ovulation increase or is caused by the passage of additional eggs through the oviducts. Future studies to measure sarcomere length in eggless females will resolve this question, and additional further measures, such as measurement of bouton numbers in tdc-GAL4/UAS-eag DN females, may also help to define the precise mechanism by which ovulin increases the number of type II boutons after mating.
Conclusions
We report here that the Drosophila seminal protein, ovulin, acts through an endogenous signaling pathway in the female to affect reproductive physiology (Fig. S4) . Further, the relaxation of oviduct musculature by ovulin and its downstream regulator, OA neurons ( Fig. S4 A and B) , provides a potential mechanism to explain how ovulin increases a female's ovulation rate after mating. Our data also indicate that ovulin, likely indirectly, underlies the subsequent increase in the number of OA synaptic sites at the reproductive tract after mating (Fig. S4C) . This provides another indication of ovulin's interaction with the OA neuronal signaling system. Moreover, our data suggest that the increased type II bouton counts reported after mating reflect, specifically, OA neurons and that the changes in matingdependent synaptic regulation that had been measured by bouton counts and GFP-labeled vesicle contents (56, 59) can be caused by the action of specific seminal proteins such as ovulin. Further, these findings demonstrate a link between a seminal protein's postmating effect and a mechanism of action through known female regulators of reproductive physiology and behavior. It will be useful for future studies to determine whether ovulin acts centrally in the nervous system, on presynaptic terminals of the reproductive tract to increase OA synaptic output, or on nonneuronal tissue in the reproductive tract which signals back to the nervous system. Although OA's regulation of ovulation and egg-laying behavior is conserved in many arthropods (15, 16, 18, 20, (60) (61) (62) , the ovulin gene is evolving rapidly under strong positive selection (39) (40) (41) ). An evolutionarily labile regulator sitting atop an evolutionarily conserved regulatory "core" (in this case, the OA signaling pathway) allows selection to act on innovations enhancing the core's output without disrupting the core itself; a similar idea has been suggested for sex determination mechanisms in Diptera (63) . Applying this logic to the model of ovulin and OA neuronal signaling, the conserved control by OA of ovulation could ensure that this essential process occurs unfettered, whereas frequent changes in ovulin sequence could allow for small, yet selectively advantageous, increases in ovulation rate.
Because ovulation rates increase partially (but not to the full extent) after matings in which females do not receive ovulin, other signaling factors apart from ovulin-dependent OA neuronal signaling must also contribute to the postmating increase in ovulation. For example, in Drosophila and other insects, other signaling factors (e.g., females' glutamate, proctolin, and ILP7) are known to be important in ovulation and egg laying (16, 23, 45) . However, two postmating phenotypes described here, oviduct muscle tonus and synaptic plasticity, can be largely attributed to ovulin and its interaction with OA signaling. These results imply that other mating-related stimuli that increase ovulation might work through independent mechanisms, perhaps distinct from OA neuronal signaling.
Observing effects of ovulin on synaptic strength at 6 h postmating was intriguing because by this time, ovulin is nearly undetectable in mated females (64) and because ovulin has been reported to affect egg laying only within the first 24 h after mating (4). It is possible that the increased synaptic strength seen at 6 h is simply a visible, but indirect, consequence of ovulin's earlier effects and/or that the synaptic growth/plasticity that Fig. 3 . Ovulin causes increased synaptic development 6 h after the start of mating. (A) Innervation of oviduct musculature (phalloidin; magenta) from motor neurons expressing an OA-neuronal marker (tdc2-GAL4, UAS-mCD8:: GFP) in the common oviduct (Fig. 1B, green) . (Scale bar: 5 μm.) GFP + bouton counts at the upper common oviduct (Fig. 1B ) at 1.5 h (B) and 6 h (C) after the start of mating. (B) Bouton counts at 1.5 h after the start of mating were not different in a mating-dependent manner (P = 0.720) or ovulindependent manner (P = 0.635). (C) A mating-dependent increase in bouton counts is observed only when females receive ovulin from their mates at 6 h after the start of mating. Synaptic boutons in B and C were counted within a 1,406-μm 2 area in the uppermost common oviduct. *P < 0.05. Sample sizes are indicated within bars. Mean ± SE.
ovulin induced is somehow transient. Alternatively, ovulin might be able to affect egg production even after it has disappeared by having induced a longer-lasting developmental effect at the oviduct NMJ. Such consequences of ovulin's earlier actions may not be detectable after the first postmating day if they are masked by later, larger effects from other sources. For example, ovulin's primary action has been proposed (65) to be to stimulate release of the mature oocytes that had built up in females before mating; in such a model, once all those accumulated eggs have been released, effects of ovulin may not be apparent in the context of Sex Peptide's large stimulation of egg production rate (6, 9, 66) .
We found that a male seminal protein, ovulin, controls reproductive behavior in female Drosophila through neurons that release a canonical neuromodulator, OA. Understanding the female modulators of reproductive physiology thus provides a useful framework for addressing how male seminal proteins influence females. Our findings provide support for the idea that seminal proteins modulate conserved endogenous physiological mechanisms and circuits.
Materials and Methods
Flies. All flies were reared at 25°C in 12:12 Light:Dark cycle on standard yeast/ glucose fly media. Adult females were aged over yeasted food, whereas adult males were aged over unyeasted food.
To generate ovulin-null males, we used an ovulin mutation (Acp26Aa 1 ) (4) and a deficiency uncovering the ovulin locus [Df(2L)Exel6014; Bloomington stock (BS) no. 7500]. The genotype for control males was w; +/Df(2L)Exel6014, and the genotype for ovulin-null males was w; Acp26Aa 1 /Df(2L)Exel6014. Ovulin-null males are normal in all respects except for production of ovulin (4) . Wild-type Canton-S males were used as mates in Fig. 2 (18); hsp70-GAL4 (hs-GAL4, on chromosome II); and UAS-ovulin (full coding sequence, on chromosome 3L). Before use, all mutants and transgenes were backcrossed to an isogenized w 1118 stock for at least six generations to exclude background effects.
Ovulation of Females with Increased OA Neuronal Activity. Virgin females 4-6 d old were paired singly with virgin males 4-6 d old and allowed to mate. Control females (w; tdc2-GAL4/+) and experimental females (w; tdc2-GAL4/ UAS-eag DN ) were mated to wild-type and ovulin-null males. Mating occurred in a vial containing food with an even substrate to minimize effects of substrate imperfections on oviposition site preference. Only females from copulations of 12 min or longer were analyzed further. Upon completion of copulation, males were removed from the vials. We examined ovulation in females 3 h after the start of mating; at this time, ovulin's effect on ovulation has commenced, and egg-laying increases have begun as well ( Fig. 1  A-C) (5) . At this time point, genotypes were blinded, and females were placed on ice, as briefly as possible, until dissection. Females were placed under ice cold adult Ringer's (67), the dorsal tergites were cut along the midline, and the oviducts were exposed, taking great care not to perturb the central nervous system or nerves innervating the female reproductive tract. The number of eggs found in the lateral oviducts, common oviduct, and uterus and being extruded by the ovipositor was assessed. The number of eggs oviposited during this interval was also counted (5).
Oviduct Muscle Sarcomere Length Measurements. Virgin females (w; MHC-GFP/CyO) that were 5-6 d old were paired singly in a vial with wild-type or ovulin-null virgin males that were 4-6 d old. In addition to MHC-GFP, the females tested also carried mutations, or UAS− or −GAL4 constructs, that are indicated in text and Fig. 2 . Control virgin females were placed singly into vials. Copulations were observed; upon completion, the male was removed. Only copulations lasting longer than 12 min were further analyzed. We examined oviduct musculature at 1.5 h after the start of mating because at this time, ovulation rates have not yet increased but will soon (Fig. 1C) (5) . Thus, the reproductive tract is primed for ovulation but should not have been affected by eggs already passing through it. Females were placed on ice as briefly as possible until processing. The abdominal tergites were removed under ice cold adult Ringer's, leaving the reproductive tract and other internal organs undisturbed until fixation with 3.5% (wt/vol) paraformaldehyde in Ringer's for 20 min at room temperature. Samples were then washed in PBS six times for 10 min. Oviduct muscle GFP was viewed with confocal microscopy. Although ovulin specifically induces the release of an egg from the ovary into a lateral oviduct, it was not possible to reliably measure sarcomere lengths in lateral oviducts: standardization of location along the lateral oviduct was extremely difficult due to the complex pattern of myofibrils in this region. Therefore, our focal area was the upper common oviduct, just posterior to the junction of the lateral and common oviducts, and our focus was only the muscle fibers that circumscribed the common oviduct entirely below the lateral oviduct (Fig. 2 A, i, green shaded area) . This area was reliably identifiable across preparations. Common oviduct sarcomere lengths were measured as distances between the centers of GFP bands. At least three sarcomeres were measured for each myofibril, and at least three myofibrils were averaged for each female reproductive tract. We confirmed that this quantification protocol was sufficient by measuring 7-10 sarcomeres in the middle of a myofibril for three myofibrils in a subset of tbh M18 heterozygous females (the same subset as in Fig. S3 ). We observed no difference in sarcomere length or within-sample SD in this sample subset (difference in mean: 0.0090 μm; difference in SD: 0.0019). For heat shock experiments, control virgin females (which carried MHC-GFP and hs-GAL4) and experimental virgin females (which also carried UAS-ovulin) were heat shocked at 37°C for 30 min (53) . Eighteen hours after the start of heat shock, females were placed on ice for dissection and analysis as described above. For OA feeding, newly eclosed tbh M18 /tbh
M18
; MHC-GFP/CyO virgin females were aged for 5-6 d in vials with Drosophila medium containing 7.5 mg/mL of OA (Sigma) (68) and processed as described above.
TrpA Activation of Neurons. Virgin females 3-4 d old were used in this assay. For sarcomere measurements in the oviducts of virgin females, females were held at 22°C or 32°C for 5-10 min and then fixed at the designated temperature and analyzed as described above.
OA Neuron-Oviduct Muscle Synaptic Morphology. Virgin females (w; tdc2-GAL4, UAS-mCD8::GFP) that were 4-5 d old were paired singly with males in vials and allowed to copulate. Copulation was observed, and males were removed upon completion. Only females from copulations of longer than 12 min were subsequently analyzed. A separate control group of females was placed singly into vials. At 1.5 or 6 h after the start of mating, females were frozen in liquid nitrogen for future processing. The later time point was chosen to prevent effects of ongoing ovulation from masking the primary effects of ovulin stimulating ovulation (Fig. 1C) and because a postmating increase in OA-like synaptic boutons at the oviduct had been reported at this time (56) . Female reproductive tracts were dissected in adult Ringer's and fixed and washed as described above. Reproductive tracts were blocked for 2 h in 0.2% Triton-X PBS (PBST) with 10% goat serum (Sigma). Samples were then incubated in 1:500 mouse anti-GFP (Sigma) diluted in blocking solution for 2 h at room temperature or overnight at 4°C. Some samples' primary incubation also included 1:250 rhodamine-phalloidin (Invitrogen). Samples were then washed eight times in PBST and incubated in 1:2,000 anti-mouse-Alexa-488 (Invitrogen) in PBST for 2 h at room temperature or overnight at 4°C. Samples were washed six times in PBS and mounted, and imaging data were collected with confocal microscopy. Confocal data were analyzed blind, and motor neuron boutons were counted if they were GFP-positive, derived from wandering axons, and swellings ≤2μm, of which the latter two are specifically characteristic of type II axons. A 1,406-μm 2 focal area of the upper common oviduct (Fig. 1B) was used to count GFP-labeled synaptic boutons.
Statistics. The results shown in Fig. 1D were subjected both to Wilcoxon ranksum post hoc tests and to ordinal logistic regression among the three possible dependent variable states: zero, one, or two eggs in the lateral oviducts. Using binomial logistic regression, the odds ratio of transition from zero to one was not different from the odds ratio transitioning from one to two, satisfying the assumption for ordinal logistic regressions that odds ratios among serial states not be different. Unless otherwise specified, experiments with greater than three groups were subjected to ANOVA and post hoc t tests.
